Summary The DNA damage and the sequence specificity of guanine-N7 alkylation produced by the novel, positively charged, antineoplastic agent 1,4-bis(2'-chloroethyl)-1,4-diazabicyclo-[2.2.1] heptane dimaleate (Dabis maleate) and its uncharged tertiary amine analogue 1,4-bis(2'-chloroethyl)-1,4-diazacyclohexane (Dabis analogue) were investigated in L1210 cells and isolated DNA. Both compounds are cytotoxic in vitro causing an arrest of L1210 cells in G2/M phase of the cell cycle. In isolated DNA, Dabis maleate alkylates guanine at the N7-position with some differences in specificity compared to other alkylating agents (e.g. nitrogen mustard). In order to elucidate the mode of action of this drug, which is undergoing phase I clinical trials, we undertook this study in which we characterised the DNA damage in intact cells and the sequence specificity of guanine-N7 alkylation in isolated DNA.
1 ,4-bis(2'-chloroethyl)-1 ,4-diazabicyclo-[2.2. 1] heptane dimaleate (Dabis maleate, NSC 262666, see structure in Figure 7a ) is one of a series of quaternary ammonium salts which has been synthesised (Fessler et al., 1969) and tested for antitumour activity. Dabis maleate and Dabis perchlorate were found to be active in several tumour systems of mice and rats, including L1210 leukaemia, colon 26, Lewis lung carcinoma and Walker 256 carcinosarcoma (Pettit et al., 1979) . The activity of the two drugs was similar, but since Dabis perchlorate is potentially explosive, further studies were conducted with Dabis maleate.
In order to elucidate the mode of action of this drug, which is undergoing phase I clinical trials, we undertook this study in which we characterised the DNA damage in intact cells and the sequence specificity of guanine-N7 alkylation in isolated DNA.
These studies were conducted in parallel with the uncharged tertiary amine 1,4-bis(2'-chloroethyl)-1,4-diazacyclohexane (Dabis analogue, see structure in Figure 7c ) lacking the bridge between the two nitrogen atoms to determine to what extent the positive charges present in the Dabis maleate molecule could play a role in the mechanism of action of this drug. A comparison of the pattern of N7-guanine alkylation of Dabis maleate and Dabis analogue could give an indication of the mechanism of alkylation of this novel anti-cancer agent. (Erba et al., 1986) .
Materials and methods

Drugs
The fluorescence pulse was detected in a spectral range between 580 and 750 nm; the coefficient of variation of the GI peak of the L1210 cells was about 4-5%. Each cytofluorimetric assay was performed with 1-2 x 104 cells.
Sequence specificity ofguanine-N7 alkylation The method has been previously described in detail (Mattes et al., 1986) . Briefly, Bam HI digested pBR322 DNA was 32P-labelled at its 5' ends with T4 polynucleotide kinase and 732P-ATP (Maxam & Gilbert, 1980 (Kohn et al., 1981) .
For the DNA-SSB, cells were washed in ice cold PBS and layered on polycarbonate filters, 0.8 jtm pore size and 25 mm diameter. Cells were then lysed with a solution containing 2% sodium dodecyl sulphate, 0.02 M EDTA, 0.1 M glycine, pH 10.0 (lysis solution), which was allowed to flow through the filter by gravity. After connection of the outlet of the filter holders to the pumping system, 2 ml of proteinase K (0.5 mg ml-' dissolved in lysis solution) were added to a reservoir over the polycarbonate filters and pumped for approximately 1 h at a rate of 0.35 ml min'l. DNA was eluted from the filters by pumping 0.02 M EDTA solution adjusted to pH 12.1 with tetrapropylammonium hydroxide containing 0.1% sodium dodecyl sulphate through the filters at approximately 2 ml h-'. Fractions were collected 3-hourly, with fractions and filters processed as described (Kohn et al., 1981 In order to determine whether or not the alkylation reactions of Dabis maleate and of Dabis analogue are due to the same reactive species, the intensity patterns for reactions with guanines in a defined DNA segment were compared. If the proximal reactive species are the same, then the reaction intensity patterns should be identical. Figure 3a and 
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Figure Figure 3c ). Guanines 536, 537 and 538 react more weakly with Dabis analogue than with Dabis maleate (arrows in Figure 3a ). In addition, the major peaks located at the central G at position 472 and at position 486 are relatively weaker for Dabis maleate than for Dabis analogue; in both cases the sequente about the central G is 5'-CGGGC-3'. The above reactions were carried out at room temperature at doses which gave comparable levels of alkylation. When Dabis maleate was reacted at 37°C, the intensity pattern was shifted part of the way toward that seen with Dabis analogue (Figure 3b) (Figure 3a) . Figure 6 
Discussion
We confirm that Dabis maleate is cytotoxic against L1210 leukaemia cells, causing an arrest in late S or G2 phase of the cell cycle (Traganos et al., 1984) . (Pettit et al., 1979) would be the loss of the bridging CH2 as formaldehyde to yield the tertiary amine Dabis analogue (Figure 7c Figure 3 . At the higher temperature (37°C), the intermediate species would decompose faster to Dabis analogue (Figure 7c ) and therefore would contribute less to the overall reaction. This would be in accord with the finding that, at the higher temperature, there is less difference between the reaction patterns of Dabis maleate and Dabis analogue. The pattern of guanine-N7 alkylation of Dabis maleate is similar to, but not the same as, that of nitrogen mustard. For example, alkylation of three adjacent guanines in a run of five guanines is much greater than for the nitrogen mustard, which produces intense alkylation in only one of the five guanines.
As previously observed for nitrogen mustards (Ewig & Kohn, 1977; Ross et al., 1978) no DNA-SSB were detected in L1210 cells treated with Dabis maleate or Dabis analogue. In contrast to nitrogen mustard, however, no DNA-protein cross-links were detected at doses at which DNA-ISCs were produced. The only lesions detected at doses which produced an inhibition of cell growth were DNA-ISCs suggesting that they were cytotoxic to the cells. The nature of the low level of DNA-ISCs produced remains to be determined, and may differ from that of those produced by other alkylating agents, such as nitrogen mustards, because of the differing distance between the two alkylating moieties within the drug mole- In conclusion, the novel agent Dabis maleate appears to be similar to conventional bifunctional alkylating agents such as nitrogen mustards in that it produces DNA-ISC and a cell cycle arrest in G2M at pharmacologically relevant doses, but differs in that it produces a different pattern of guanine-N7 alkylation in purified DNA and no evidence of DNAprotein cross-links in cells. The tertiary amine Dabis analogue, which was found to be very toxic in vivo (Pettit et al., 1979) , was active in vitro at 200-fold lower concentrations, but the different patterns of alkylation produced by this compound suggest that this is not the sole alkylating species of Dabis maleate.
